Background: Colistin has been used as the last therapeutic resort for treatment of MDR Gram-negative bacteria infections in humans. The two-component system CpxAR has been reported to contribute to the MDR of bacteria. There may be a more complex network mediated by CpxAR contributing to colistin susceptibility than previously understood.
Introduction
Colistin (polymyxin E) is a cationic polypeptide antibiotic with significant antibacterial activity against MDR Gram-negative bacteria and thus has been used as the last-resort treatment option for infections with MDR Gram-negative bacteria. 1 Owing to its nephrotoxicity and neurotoxicity, the parenteral usage of colistin in humans has been limited. 2 However, the emergence of MDR Gram-negative bacteria has considerably promoted the introduction of the old forgotten antibiotic colistin for the treatment of healthcare-associated infections. 3, 4 Resistance to colistin has been characterized by non-transferable point mutations and high expression of genes, usually in the chromosomal two-component system (TCS) PmrAB and PhoPQ, following increasing activity of PmrAB and PhoPQ and the enhanced expression of enzyme activities that modify the bacterial LPS, changing its negative charge distribution. [5] [6] [7] The changes in genes in turn affect the expression of enzymes, modification of lipid A and cell wall biosynthesis, thereby decreasing colistin activity. 3, 8 The TCS has recently been described as a widespread transduction system in various bacteria, which is reported to be associated with antibiotic resistance owing to its ability to sense numerous chemical and physical environments, including antibacterial agents, pH and osmotic pressure, and respond accordingly. 9 Generally, a typical TCS harbours two proteins, a sensor histidine kinase (HK) and a cognate response regulator (RR). 10 When activated by a certain environmental signal, directly or indirectly, the transmembrane sensor HK undergoes autophosphorylation and subsequently transfers the phosphate group to a conserved aspartic acid residue on the cytoplasmic cognate RR, which in turn mediates the specific genetic loci. 11 CpxAR, PhoPQ and PmrAB are the most extensively studied TCSs. Studies have elucidated that the CpxAR system is implicated in the drug resistance and envelope stress response of bacteria. Hirakawa et al. 12, 13 reported that overexpression of CpxR conferred enhanced resistance to novobiocin, b-lactams and deoxycholate. Numerous genes that are responsible for virulence, antimicrobial peptide resistance (especially colistin), Mg 2! homeostasis and lipid A modifications are controlled by PhoPQ or PmrAB. Specific region mutations in pmrAB and phoPQ were reported to be associated with decreased colistin activity in Klebsiella spp., Escherichia coli and Salmonella enterica. Drug resistance in many cases is attributable to decreased drug permeation and active efflux.
14 Drug efflux by resistancenodulation-cell division (RND) family efflux systems, such as AcrAB-TolC, is especially effective in generating resistance in Gram-negative bacteria. The AcrAB-TolC system, composed of the proteins AcrA, AcrB and TolC, was reported to be constitutively expressed in E. coli. 15 As the main multidrug efflux pump, AcrAB mediates resistance to antibiotics and other toxic compounds, including b-lactams, fluoroquinolones and tetracyclines, and its overexpression is commonly found in MDR clinical isolates. Eaves et al. 16 and Nishino et al. 17 found that the acrB or acrAB deletion mutants of S. enterica serovar Typhimurium (Salmonella Typhimurium) or E. coli were more susceptible to nalidixic acid, ciprofloxacin, tetracycline, ethidium bromide and acriflavine.
Pletzer et al. 18 showed that additional mechanisms were responsible for antimicrobial resistance of Erwinia amylovora when CpxR was overexpressed in the acrB-deficient E. amylovora strain. Another study suggested that a new transcriptional regulation pathway named the twin arginine translocation (Tat) system, which conferred Salmonella spp. and E. coli resistance to an antimicrobial peptide, was modulated by the CpxR/CpxA system. 19 Although the role of PhoPQ and PmrAB in colistin resistance has been a frequently discussed topic, no report has yet shown that the colistin resistance mediated by PhoPQ and PmrAB is related to the CpxAR system. This study was designed to investigate whether CpxAR plays a role in resistance to colistin of Salmonella Typhimurium and the corresponding colistin resistance mechanisms mediated by CpxAR, PhoPQ and PmrAB.
Materials and methods

Strains
The bacterial strains used in this study are described in Table 1 and a multidrug-susceptible standard strain of Salmonella Typhimurium CVCC541 was designated as JS. The generation of deletion mutants and corresponding complemented strains was described in our previous study and the expression of target proteins was induced by 0.2% L-arabinose.
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LB and M9-glucose (0.2%) minimum medium were prepared as described previously.
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Antibiotic susceptibility testing
The MICs of colistin for all strains were determined by the 2-fold serial broth microdilution method according to CLSI guidelines and each MIC was determined in at least three independent experiments.
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Colistin time-kill and survival assays
The strains JS, JSDacrBDcpxR::kan and JSDacrBDcpxR::kan/pcpxR were used in time-kill and survival assays of colistin. Overnight cultures were inoculated in fresh LB medium at a ratio of 1:100 and grown to an OD 600 of 0.5, split in half and treated with different concentrations of colistin (0.1, 0.2, 0.8, 1.6, 3.2 and 12.8 mg/L) or an equivalent volume of LB for 12 h. The cultures were serially diluted 10-fold at 30 min and 4, 8 and 12 h after colistin incubation successively and 100 lL samples of serial dilutions were plated on LB agar plates for the time-kill assay. Samples were taken at 1 h after colistin incubation and then the above steps were repeated for the survival assays.
Growth curve and starvation survival analysis
The growth curves of the strains JS, JSDacrBDcpxR::kan and JSDacrBDcpxR::kan/pcpxR were established in LB broth and M9-glucose (0.2%) minimum medium. Overnight cultures were inoculated in fresh LB at a ratio of 1:100 and grown to an OD 600 of 0.4; these overnight cultures were then diluted (1:1000 or 1:100) in fresh LB broth or M9-glucose (0.2%) minimum medium. OD 600 was measured at regular intervals (30 min and 1, 2, 4, 6, 8 and 12 h).
The starvation survival analysis of the above strains was carried out by culturing the strains in M9-glucose (0.2%) minimum medium at 37 C for 15 days without changing the medium. Samples were plated onto LB agar plates at regular intervals (1, 2.5, 5, 7, 10 and 15 days) after serial dilution. The percentage survival was calculated at each timepoint compared with the number of cfu after overnight incubation.
Quantitative RT-PCR
Strains were grown overnight in LB at 37 C, before being transferred to fresh medium at a ratio of 1:100. The strains were cultured at 37 C and grown to an OD 600 of 0.5. L-arabinose (0.2%) was added to the culture of JSDacrBDcpxR::kan/pcpxR and strains were continually cultured for 6 h before the total RNA was isolated. Total RNA was isolated by following the 20 Primers for RT-PCR were designed from the sequence of Salmonella Typhimurium genome HG326213.1 and are listed in Table 2 . The 16S rRNA gene was chosen as a housekeeping gene. The 2 #D(DCT) method was used to calculate the relative expression ratio of the gene tested, compared with that in JS.
Statistical analysis
Data were analysed using Student's t-test. A P value ,0.05 was considered statistically significant.
Results
Overexpression of cpxR increased the colistin susceptibility of deletion mutant JSDacrBDcpxR::kan
To examine whether CpxR has an effect on colistin susceptibility, the MICs of colistin for JS and a series of deletion mutants and CpxR complementary strains were determined in this study. As shown in Table 1 , compared with the parental strain JS (MIC " 0.8 mg/L), all the tested strains showed no changes in MIC values of colistin except JSDacrBDcpxR::kan/pcpxR (MIC " 0.05 mg/ L). The dramatically decreased MIC value for JSDacrBDcpxR::kan/ pcpxR (16-fold), in which CpxR was overexpressed, suggested that CpxR overexpression may be closely associated with the colistin susceptibility of Salmonella Typhimurium in an acrB-and cpxR-free background.
Bactericidal effect of colistin was time dependent
As shown in Figure 1 , the bacterial activity of all three strains was inhibited to varying degrees after incubation with different concentrations of colistin from 30 min to 12 h and fewer than 1% of these strains survived after an 8 h incubation in 12.8 mg/L colistin. For the less susceptible strain JS, a bactericidal effect was observed in 0.2 mg/L colistin after 12 h of incubation (Figure 1b ) and the bactericidal effect acted in a concentration-dependent manner. For the two other strains, JSDacrBDcpxR::kan and JSDacrBDcpxR::kan/pcpxR, the antibacterial activity of colistin was observed at 0.1 mg/L after 8 h of incubation with only 65%-80% of cells surviving (Figure 1a) . However, the bactericidal effect of colistin on the most susceptible strain JSDacrBDcpxR::kan/pcpxR was observed at all timepoints; this was different to JSDacrBDcpxR::kan, which showed a strong growth rebound to the same level as JS after 12 h of incubation with up to 3.2mg/L colistin, with survival of a significantly higher number of cells (Figure 1a-e) . To evaluate the short-term bactericidal effect of colistin, the 1 h survival assay was performed in this study as described above. In this assay (Figure 2 ), JSDacrBDcpxR::kan/pcpxR was more susceptible than JS and JSDacrBDcpxR::kan when incubated with increasing concentrations of colistin.
JSDacrBDcpxR::kan/pcpxR showed a high growth rate in M9-glucose medium
We further examined the growth rate of JS, JSDacrBDcpxR::kan and JSDacrBDcpxR::kan/pcpxR by monitoring OD 600 at different incubation times. When cultured in LB medium (Figure 3a) , the above strains yielded a similar growth curve from 0 to 8 h, but showed different endpoints at 12 h where JSDacrBDcpxR::kan/ pcpxR demonstrated poorer growth (compared with JSDacrBDcpxR::kan; P " 0.00007). Surprisingly and interestingly, in the M9-glucose (0.2%) minimum medium (Figure 3b) , by contrast, a very different phenomenon was observed among these strains, as the growth curve of JSDacrBDcpxR::kan/pcpxR was different and showed a higher growth rate (P " 0.002) compared with JSDacrBDcpxR::kan until the 12 h timepoint.
JSDacrBDcpxR::kan was susceptible to environmental stresses in M9-glucose medium
The percentage survival of the tested strains was examined during starvation conditions for 15 days in M9-glucose (0.2%) minimum medium and samples were taken at regular intervals (1, 2.5, 5, 7, 10 and 15 days). Although there was extremely high bacterial activity of JSDacrBDcpxR::kan after 2.5 days, only 10% of cells survived after 5 days. In contrast, JS and JSDacrBDcpxR:: kan/pcpxR maintained similar survival, between 20% and 40%, after 2.5-10 days of cultivation (Figure 4 ).
CpxR may increase the susceptibility of JSDacrBDcpxR::kan/pcpxR to colistin through the MgrB-PhoPQ-PmrD-PmrAB-PmrC/H pathway To systematically study the molecular mechanisms of CpxR affecting the colistin susceptibility of Salmonella Typhimurium, we further investigated the mRNA expression level of cpxR and several other genes that were reported to be associated with colistin resistance using quantitative RT-PCR. Here, we defined the expression level of cpxR in JS as physiological expression (PE), the overexpressed cpxR that did not result in MIC change as CpxR and colistin susceptibility of Salmonella Typhimurium JAC superphysiological expression (SPE) and the overexpressed cpxR that did result in MIC change as supercritical expression (SCE). We first measured the mRNA expression level of cpxR in the tested strains ( Figures 5 and 6a ) and found that, unlike the extremely high-level expression of cpxR in JSDacrBDcpxR:: kan/pcpxR (400-fold), its expression level was only slightly increased in the acrB deletion mutant JSDacrB (4-fold) and the cpxR overexpression strain JS/pcpxR (7-fold), complementary strains JSDcpxR/pcpxR (11-fold) and JSDacrB/pcpxR (9-fold) compared with that of the parental strain JS. Subsequently, we tested the mRNA expression levels of the TCS genes cpxR, phoP, phoQ and pmrB, which was the HK or RR of CpxAR, PhoPQ and PmrAB. As shown in Figure 6 (a), cpxR was expressed at an extremely high level in the complementary strain JSDacrBDcpxR::kan/pcpxR and almost invisible in the doubledeletion mutant JSDacrBDcpxR::kan compared with that of the parental strain JS. The expression levels of phoP, phoQ and pmrB (Figure 6b -d) were either nearly invariable or slightly increased in JSDacrBDcpxR::kan, but dramatically decreased by more than half in JSDacrBDcpxR::kan/pcpxR (P " 0.00001, 0.000006 and 0.000005, respectively). The mRNA expression levels of pmrC, pmrH, pmrD and mgrB were also examined by RT-PCR ( Figure 7) . Compared with that of JS, the expression levels of pmrC (P " 0.00003), pmrD (P " 0.000006), pmrH (P " 0.0032) and mgrB (P " 0.0004) were significantly increased in JSDacrBDcpxR::kan. In addition, the expression levels of pmrC (P " 0.00002), pmrD (P " 0.000003) and pmrH (P " 0.0215) were also remarkably decreased (2.5-, 1.5-and 1.5-fold, respectively), as for phoP and phoQ, in JSDacrBDcpxR::kan/pcpxR, whereas the expression of the negative regulatory protein mgrB (P " 0.0018) was increased 3.5-fold compared with JS.
Discussion
The two-component signal transduction system CpxAR is known to play an important role in survival of salmonellae from various types of environmental niches. 23 It has been implicated in the maintenance of the bacterial cell envelope, biofilm formation, virulence and host cell invasion. 24, 25 CpxR disruption affects the expression level of virulence genes in Legionella pneumophila and Shigella sonnei. 26, 27 As the main multidrug efflux pump, AcrABTolC has been intensely studied in E. coli and Salmonella Typhimurium. 16, 17 It has been reported that single deletions of acrB, acrD or mdtABC did not affect the ability of E. coli cells to excrete enterobactin. However, unlike the DacrD mdtABC double mutants, DacrB acrD and DacrB mdtABC showed a decrease in enterobactin export, indicating that AcrB plays a more critical role than AcrD and MdtABC. 28 Horiyama and Nishino 29 also found that none of these other pumps (acrD, acrEF, mdtABC or mdtEF) seemed to significantly contribute to resistance to the tested compounds Zhai et al.
in the presence of a functional AcrAB-TolC pump. In view of these phenotypes, it is hypothesized that the effect of deletion of these genes might have been masked by AcrAB. 17 In addition, CpxR was proved to be related to the increased single-drug resistance or MDR of an acrB-free background in E. coli.
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To determine whether the CpxAR system and AcrB were involved in the colistin susceptibility of Salmonella Typhimurium, we examined the MICs for the derivative strains and discovered that either the cpxR or acrB deletion mutant and the corresponding CpxR complementary/overexpression strains do not influence the susceptibility of Salmonella Typhimurium to colistin. Unexpectedly, the invariable MIC for double-mutant strain JSDacrBDcpxR::kan dramatically decreased 16-fold when CpxR was overexpressed in the complementary strain JSDacrBDcpxR::kan/pcpxR compared with JS (Table 1) . To further confirm the phenotype, we evaluated the susceptibility of the complementary strain JSDacrBDcpxR::kan/ pcpxR to colistin by using time-kill and survival assays. Furthermore, the significant antibacterial activity of colistin and high survival rates of JSDacrBDcpxR::kan/pcpxR confirmed that CpxR overexpression in JSDacrBDcpxR::kan/pcpxR resulted in a more remarkably increased susceptibility to colistin than that of the double-deleted mutant JSDacrBDcpxR::kan and JS. Surprisingly, we also found that the expression level of cpxR in JSDacrBDcpxR::kan/pcpxR was much higher than that of JS/pcpxR, JSDcpxR/pcpxR and JSDacrB/pcpxR ( Figure 5) ; we hypothesized that the high level of cpxR transcripts more likely resulted from the defective efflux of certain cellular compounds in acrB deletion mutants. 18, 30 Rosner and Martin 31 reported that TolC-dependent effluxes, especially AcrB, were required to prevent the accumulation of stressful cellular metabolites, and deletion of TolC-dependent efflux pumps may account for the accumulation of metabolites and the following activation of the stress response systems BaeRS and CpxAR. Furthermore, Taylor et al. 32 have also shown that vexAB, responsible for a function analogous to that of E. coli's AcrAB, and the CpxAR system were reciprocally regulated in Vibrio cholerae, as ectopic CpxR expression could activate the transcription of VexAB and vexRAB mutation may in turn activate the Cpx system.
In consideration of the previous work, the excessive levels of CpxR (CpxR-P) were expected to have made a significant CpxR and colistin susceptibility of Salmonella Typhimurium JAC contribution to numerous changes in phenotypes including a deficiency in murein lipoprotein and OmpF in the cell envelope. 33 Spinola et al. 34 also found that a deletion of cpxA resulting in CpxR accumulation in Haemophilus ducreyi severely attenuated its ability to initiate infection and survive in vivo. Therefore, we hypothesized that the marked susceptibility to colistin of JSDacrBDcpxR::kan/ pcpxR in our study may also result from the overaccumulation of CpxR-P, and the following changes in lipid composition, which is consistent with the CpxAR pathway being a cell envelope stresssensing system. Nevertheless, our observations suggested that the reduction in MIC of colistin will only be visible under the condition that CpxR is supercritically expressed. The above results suggested that the double deletion of acrB and cpxR as well as the complementation of CpxR were three indispensable elements for SCE of CpxR and for the susceptible strain JSDacrBDcpxR::kan/pcpxR. To the best of our knowledge, this is the first report regarding the relationship between CpxR, AcrB and colistin susceptibility.
The CpxAR system was originally characterized to alleviate stress in E. coli caused by misfolded cell envelope proteins. 35 In this study, during long-term starvation, JSDacrBDcpxR::kan/pcpxR showed a significantly higher starvation survival rate, as compared with strain JSDacrBDcpxR::kan. The results indicated that the overexpressed CpxR may be responsible for the maintenance of the long-term viability of JSDacrBDcpxR::kan/pcpxR through the CpxRregulated extracytoplasmic functions. These results were similar to previous studies in which CpxR has been largely characterized as a regulator of drug susceptibility. 12, 13 Our work indicated that JSDacrBDcpxR::kan/pcpxR had a higher susceptibility to colistin than the parental strain JS. Moreover, we previously found that a cpxR-deleted mutant of JS and nine clinical isolates showed a 2-4-fold decrease in the MICs of aminoglycosides and b-lactam antibiotics. 20 Therefore, we hypothesized that the influence of CpxR on drug resistance was different among the different types of antibiotic. This study offers the hope of a new beneficial strategy for reduction of antibiotic resistance or increase in antibiotic susceptibility to reload an empty antibiotic pipeline.
Colistin resistance in Salmonella Typhimurium is known to be associated with the two-component regulatory systems PhoPQ Zhai et al.
and PmrAB, and a connector protein PmrD, which was thought to be regulated by PhoPQ and links the PhoPQ and PmrAB systems. 6 The MgrB-PhoPQ-PmrD-PmrAB-mediated pathway conferring colistin resistance is mainly mediated by LPS modification enzymes, PmrC and the PmrHFIJKLM operon and the addition of 4-deoxyaminoarabinose (LAra4N) and/or phosphoethanolamine (pEtN) to lipid. 36, 37 In order to verify the role of colistin resistance genes (phoP, phoQ, pmrB, pmrC, pmrH, pmrD and mgrB) in JSDacrBDcpxR::kan/pcpxR, we performed relative quantitative RT-PCR to demonstrate the expression levels of these genes. Compared with JS, significantly down-regulated phoP, phoQ, pmrB, pmrC, pmrH and pmrD and significantly up-regulated mgrB were observed after the overexpression of cpxR in JSDacrBDcpxR::kan/ pcpxR, indicating that the expression level of the colistin resistance-related genes may be crucial for the colistin susceptibility changes of Salmonella Typhimurium. However, in view of the phenomenon that the markedly increased susceptibility of JSDacrBDcpxR::kan/pcpxR was closely related to the simultaneous mutation of AcrB and CpxR, future investigations are necessary to clarify the downstream targets of CpxR. We also suggest that there may be a more complex network mediating colistin susceptibility among bacteria than previously understood.
In summary, we have reported for the first time, to the best of our knowledge, that overexpression of CpxR is critical to increasing the colistin susceptibility of a double-deletion mutant Salmonella Typhimurium (JSDacrBDcpxR::kan). The two-component CpxAR regulatory system and the drug exporter protein AcrB were found to have an effect on the MgrB-PhoPQ-PmrD-PmrAB-PmrC/Hmediated pathway regulating the colistin susceptibility of Salmonella Typhimurium.
